The objective was to assess the role of cumulative spine loading measures in the development of a clinically meaningful decline in low-back function.
IntroductIon
Cumulative spine loading has been a suspected risk factor for low-back disorders over the past couple of decades. However, our understanding of cumulative spine loading and its association with risk is rather poor in that we do not know which cumulative loading measures represent the most predictive indicators of low-back disorder risk. Much of the interest in cumulative loading has been extrapolated from upper extremity field studies that have shown an increased risk of cumulative trauma disorders when exposed to repetitive work. In these studies the relationship between job-required hand force and repetition was associated with increased risk of upper extremity disorders such as carpal tunnel syndrome (Silverstein, Fine, & Armstrong, 1986 .
The theory behind cumulative loading suggests that repetitive loading of tissues can weaken their tolerance and thereby reduce the ability of a worker to withstand force over time. In the spine, biomechanical studies have established that repetitive compressive loads could result in spine damage at submaximal levels of force application (Adams & Hutton, 1983; Liu, Njus, Buckwalter, & Wakano, 1983) . Employing this logic, one needs to merely understand how much repetition under a variety of loading levels will weaken a structure to the point of failure. However, attempts to establish such limits for the low back have not been successful. In vitro studies of the spinal tissues have attempted to identify the amount of cumulative compressive load that would result in tissue disruption (Brinkmann, Biggermann, & Hilweg, 1988; Hansson, Keller, & Spengler, 1987) , though attempts to characterize these relationships have not been able to account for much of the data variance (Callaghan, 2002) . Further attempts to identify the level of repetitive loading that could cause damage have included shear force estimates (Yingling & McGill, 1999) ; however, few have been able to describe this trend using human samples of working age (Gallagher, Marras, Litsky, & Burr, 2005) . Once compressive and shear loading combinations are considered along with various repetition rates, the response depiction rapidly becomes complex, and it becomes very difficult to determine thresholds of tolerance. In addition, in vitro studies are unable to account for adaptation that is expected to occur in vivo. Thus, it appears that a simple load-frequency threshold of tolerance for spine loading has been elusive for cumulative spine loading.
Given these challenges associated with laboratory-based biomechanical studies, several studies have attempted to better understand cumulative spine loading in vivo based on workplace (field) data collection studies. However, field studies do not permit the degree of control afforded by laboratory studies. Early field studies have used crude indicators of cumulative load exposure, such as hours worked in a particular posture, based on structured interviews and found relationships with radiographic diagnoses of spine problems (Seidler et al., 2001; Seidler et al., 2003) . Others have found that crude measures of spine compression at work correlated with lost time (Village et al., 2005 ). Yet another study used technical experts to estimate cumulative spine load and found a doseresponse relationship between the cumulative lumbar load and the acceleration of lumbar disc narrowing (Seidler et al., 2011) . Kumar (1990) , using a two dimensional load model, found that cumulative compression and shear was greater in those with low-back pain. Norman and colleagues (1998) employed two cumulative load measures (as assessed with a rudimentary biomechanical model) to estimate load over a shift. The final multivariate model reported by Norman et al. showed that workers in the top 25% of loading were 6 times more likely to report lowback pain than those in the lower 25% of exposure. Similarly, Kerr et al. (2001) found that cumulative disc compression as measured over a shift was associated with low-back pain reports. These field-based studies provide insight but few definitive thresholds to assess how much cumulative spine loading is too much cumulative spine loading.
The logic underlying cumulative spine loading and spine damage suggests that micro damage occurs at a rate that is faster than the tissue can repair or strengthen (Callaghan, 2006 ). Yet most studies that have attempted to study cumulative spine loading tolerance limits have largely ignored the tissue repair time associated with spinal loading. Tissue repair time appears to be an essential element of spine tissue health. Several efforts have described the nutrition pathway mechanisms by which spine loading relates to degeneration and tissue repair (Buckwalter, 1995; Lotz, 2004; Lotz & Chin, 2000; Urban & Roberts, 2003; Urban, Smith, & Fairbank, 2004) ; however, it has not been practical to examine these processes in laboratory in vivo studies involving humans. Several animal investigations have shown that inadequate rest time was associated with neuromuscular disorders (Courville et al., 2005; Hoops, Zhou, Lu, Solomonow, & Patel, 2007; Lu et al., 2008; Sbriccoli, Solomonow, Zhou, & Lu, 2007) . In addition, inadequate rest time during the work cycle can be associated with proinflammatory cytokine reactions (Pinski et al., 2010) . Thus, although many studies have examined the cumulative loading associated with spine disorders, there appear to be no studies that have explored the role of rest time in combination with cumulative spine loading.
Literature reviews have suggested that more quantitative measures of exposure can lead to a better understanding of musculoskeletal risk (National Research Council and Institute of Medicine, 2001) . Although previous field studies have shown relationships between cumulative spine loading (measured in various ways) and low-back problems, these studies do not necessarily provide quantitative insight as to the characteristics of work exposure that are problematic. This lack of quantitative guidance may be due to several significant challenges associated with previous workplace-based studies. The first challenge in the workplace is to describe the work exposures (loading and timing characteristics) with enough fidelity to provide a meaningful quantitative understanding of the cumulative loading profile relative to the risk. Second, the temporal aspects of the work exposure are typically not defined in enough detail for useful analysis. Thus, issues such as rest time have not been adequately investigated. Third, it is extremely difficult to collect comprehensive loading information without interfering with the job, and it is also a challenge to describe the cumulative exposures over extended periods. Finally, low-back disorders have not been classified or described in a meaningful way to understand the nature of the low-back disorder and, thus, the risk. Thus, the aim of this study was to objectively quantify low-back disorders among distribution center workers and the associated cumulative spine loading exposures.
Method experimental design
This study was a prospective field evaluation that quantitatively monitored low-back health effects (low-back kinematic function) of workers performing materials handling work in distribution centers as well as quantitatively documented the physical exposures in the workplace.
Initially, a baseline data collection effort was performed. All workers involved in manual materials handling tasks (i.e., order picking, truck loading/unloading, stock replenishment) in various distribution centers were invited to participate in the study. Workers who agreed to the study signed institutional review board consent forms and then were evaluated for health effects status.
Health effect evaluations consisted of a lowback functional assessment to measure low-back impairment status as well as a questionnaire. After the baseline health effects data were collected, but before the health effects follow-up physical exposure measures were collected from a subset of workers performing each job category within the distribution center. The number of workers recruited for work exposure measurements depended on the number of workers employed in the particular job. Between three and seven workers were randomly selected for monitoring on each job. Previous studies (Marras, Allread, Burr, & Fathallah, 2000) have determined that a minimum of three workers was necessary to adequately document the physical characteristics of a workplace.
At least 6 months after the baseline low-back health effects measures were collected; followup health effects measures were once again collected from all workers who were still assigned to the jobs of interest.
data collection Sites
Data collections occurred at distribution centers (DCs) where employees performed repetitive material handling tasks continuously throughout the day. Data were collected from grocery, automotive parts, clothing, and general merchandise DCs. Jobs within the DCs were identified relative to the department (or section) of work exposure. For example, within a grocery distribution operation there may be three to four jobs, depending on how orders are distributed. Usually employees lift or "select" in dry groceries, produce, frozen foods, or boxed meats. Therefore, a grocery facility with these four areas would potentially contribute four jobs to the database.
Overall, a total of 19 different DCs were included in the database. A total of 48 jobs were identified within these facilities. The types of DCs included grocery, auto parts, clothing, and general merchandise. The number of each type and number of jobs in each type have been reported previously .
Worker database
DCs are notorious for high rates of dropout (Min, 2007) . This was reflected in our sample. Originally, 888 workers were enrolled in this study. At follow-up 366 of the workers had left the job and were unavailable for follow-up. The job exposures for the dropout group were similar to those for individuals with a clinically meaningful decline in low-back function. A detailed description of the dropout group compared to those who remained on the job has been discussed elsewhere (Ferguson, Marras, Lavender, Splittstoesser, & Yang, 2014) . Of the 522 remaining workers, 72 were eliminated from consideration because they no longer were assigned to the same job. Consequently, 450 workers were available for the health effects follow-up analysis, representing a follow-up rate of slightly more than 50%.
health history, Work history, and Psychosocial Assessment All workers were asked to fill out a survey that assessed their job tenure, hours worked per week and experiences as well as their psychosocial impressions of the work. These characteristics have been reported elsewhere . Employees were given a hat or T-shirt in exchange for participating in each health effect session of the data collections (baseline and follow-up).
Low-Back Functional Impairment evaluation
To quantitatively document the functional status of the low back, workers were asked to participate in kinematic back functional assessments. This required workers to interact with a computer while wearing a clinical lumbar motion monitor (LMM) to document kinematic performance in three-dimensional space using the assessment protocol described previously in the literature (Ferguson & Marras, 2004) . This low-back functional assessment required approximately 10 minutes. This procedure yields objective data (sagittal range of motion, velocity, and acceleration) describing the worker's back kinematic function and represents an independent, performance-based, low-back assessment. The model underlying this analysis has excellent sensitivity (90%) and specificity (92%) in its ability to correctly differentiate those with and without back pain (Marras et al., 1995; Marras et al., 1999) . By comparing each employee's kinematic profile with that of a normative database, the model was able to quantify how that worker's kinematic function compares to that which would be expected of a person of that age and gender (expected normal kinematic function). The worker's kinematic back function is scaled relative to the expected normal kinematic function (for an individual) and is defined as the probability of normal or p(n). A probability of less than 0.5 indicates impaired function for an individual's age and gender, whereas a probability greater than 0.5 indicates healthy performance. This analysis is also able to identify whether a subject is magnifying their impairment (Marras, Lewis, Ferguson, & Parnianpour, 2000) . A decrease in p(n) of at least 0.14 is considered clinically meaningful (Ferguson et al., 2009 ). This value was used as a minimum benchmark for defining low-back true cases; individual workers whose kinematic functional score decreased by 0.14 between the baseline measure of low-back function and the follow-up measurement were defined as lowback cases.
Physical exposure Sampling
Work exposure sampling was performed on 193 of the workers employed in the jobs of interest. This was a randomly selected subgroup of the 450 workers that participated in the health effects part of the study. Quantitative exposure data were obtained using custom instrumentation described previously . Figure 1 shows a worker wearing the exposure monitoring system while performing his job. The instrumentation system consists of an instrumented backpack that was worn by the worker. Instrumented handles were used to lift the load while they measured static and dynamic load characteristics and document the direction of effort. The handles emit ultrasound signals that are received by sensors positioned around the backpack frame. The ultrasound receivers triangulate the handle location and thereby enable the backpack to document the travel path of the load relative to the spine. The backpack also contains accelerometers that document trunk motions. The system software translates the exposures relative to exposures about the L5/S1 disc. Detailed descriptions of the instrumentation and performance can be found elsewhere (Marras, Lavender, Ferguson, Splittstoesser, Yang, & Schabo, 2010) . Force measurement accuracy was documented within 0.5 Kg (1.1 pounds), and position accuracy (average absolute error) is within 3.0 cm (1.2 inches). These calibrations represent accuracies that are 4 times more accurate than taking the measurement manually (Marras, Lavender, Ferguson, Splittstoesser, Yang, & Schabo, 2010) . In addition, the system is unique in that it is capable of documenting dynamic load moment exposure at the worksite. This system enables the continuous monitoring and recording of three-dimensional hand locations relative to both the L5/S1 disc and the ground, the instantaneous load weight (static and dynamic), the orientation of the torso, and the timing of lifting events, and a variety of derived measures (e.g., moment arms, static and dynamic load moments, etc.). Data were continuously collected using the built-in microprocessor and stored on memory flash cards for later analysis. The data processing programs used the hand load exposure information to identify lift initiation and termination points and thereby identified the intervals of time during which lifting was occurring and the interlift (rest) periods.
Overall, the system collected 390 variables for each lift performed by the worker.
Workers involved in physical exposure sampling were randomly chosen from the pool of workers performing the job. The workers were compensated for their participation with gift cards from area merchants. Each employee was monitored for up to 4 hours and was asked to perform his or her job and match his or her normal productivity rates. Table 1 shows the basic anthropometric characteristics of the workers tested for health effects at baseline and follow-up as well as for the workers selected for exposure testing. As indicated in Table 1 the workers were relatively young and there were no statistically significant differences in anthropometric measures between the workers from which the physical exposures were collected compared to the health effects follow-up group.
Worker Anthropometry

Physical exposure database
The total physical exposure database in this analysis consisted of 59,796 lifting or lowering exertions. Custom software was developed to analyze each of the exertions. An exertion was defined as 3 pounds (1.5 pounds in each hand) experienced by the worker for more than 0.5 seconds. The 1.5 pounds in each hand was selected based on the accuracy of the force transducer (1.1 pounds). The rest time for each exertion was defined as the time since the last exertion. A total of 56 cumulative measures were calculated to represent exposures. These measures consisted of 28 cumulative load variables processed in two different ways: (a) integration of the signal over exertion time or (b) signal peak multiplied by the duration of exertion (Callaghan, Salewytsch, & Andrews, 2001 ). The integrated measures from each exertion were summed across the data collection time for that worker. The cumulative measures were multiplied by a scaling factor for that worker to derive an 8-hour day exposure. The data from the workers who wore the moment monitor were averaged together and assigned to each worker who worked that job for the daily exposure measure. The questionnaire data for the number of hours worked per week for each worker were multiplied by the daily exposure and used to define weekly exposure. The weekly exposure was multiplied by the questionnaire data regarding duration of employment on the job to define job tenure exposure. This analysis focuses on the association between cumulative (integrated) physical exposure characteristics and a clinically meaningful decrease in low-back kinematic function.
data Analysis: Individual Low-Back Functional decline definitions
True individual cases were defined as those workers with a decrease in p(n) low-back function score of 0.14 or more (clinically meaningful decline or true case; Ferguson et al., 2009) . Workers with a decline in p(n) from 0 to -0.14 (a nonmeaningful decline) were separated for analysis as neither cases nor noncases. Noncases were those with a p(n) change score of zero or more (true noncase).
univariate Analyses
To test each of the integrated physical exposure measures between true noncases and true cases of a clinically meaningful change in lowback function, t tests were used. Classification and regression tree (CART; Breiman, Friedman, Olshen, & Stone, 1984; Steinberg & Colla, 1997) software was used to dichotomize the continuous dependent measures at one or more points for classification; however, in some cases the classification trend was inconsistent with cumulative loading expectations (trending in wrong direction; i.e., lower exposures resulted in true cases). Each dependent measure was assessed in CART to determine if the first cut point was in the expected direction. In addition, t tests were used to evaluate exposure differences between true noncases and the nonmeaningful decline in low-back function group as well as true cases versus the nonmeaningful decline in low-back function group.
Multivariate Analyses
The individual risk models indicated the risk of a clinically meaningful decline in lowback function. Three separate risk models were developed for individual risk based on the three definitions of cumulative measures: (a) daily risk model, (b) weekly risk model, and (c) job tenure risk model.
CART software was employed to select and assess the conditional relationship between the physical exposure variables. The CART analysis was offered physical exposure variables from each category of variables (i.e., load, timing, kinematics, psychosocial, etc.), and the analysis iteratively chose the variables and identified the value of the variable (cut point) that best distinguished between the true cases and true noncases. The first two or three variables from each category of variables selected by CART were used to build generalized linear models with SAS via "proc genmod." The best multivariate models were selected based on three factors, consisting of (a) statistical significance of each variable entering the model, (b) the Akaike information criterion, and (c) model sensitivity and specificity. Sensitivity and specificity were calculated using the predicted values from the output of the generalized linear models with a cut point of 0.5. Relative risk values are reported for each model parameter. The models were developed and selected using the true noncases versus true cases (clinical meaningful decline in low-back function). The relative risk was also calculated for the true noncases versus nonmeaningful decline in low-back function as well as the relative risk between nonmeaningful declines versus true cases.
reSuLtS
Based on our case definitions, the database yielded 126 workers with a clinical meaningful decline in low-back function (true cases), 115 workers with a nonmeaningful decline in low-back function, and 205 noncases with no decline in low-back function (true noncases). univariate cumulative Individual risk Table 2 shows descriptive statistics (mean and standard deviation) for the 28 integrated variable true cases and true noncases as a function of daily, weekly, and job tenure cumulative exposure metrics examined in this study. The peak times duration measure results were similar to these integrated measures; therefore these measures are not presented here. This table also identifies statistically significant differences between the true cases and true noncases of a clinically meaningful decline in low-back function as well as identifies those variables that trend in the expected direction (true cases were associated with greater cumulative exposure) by the various exposure metrics. This table indicates that a large number of univariate cumulative measures of exposure are consistent with the expected trend when the exposure variables are considered as a function of daily exposure, yet progressively fewer cumulative exposure variables are associated with the expected trend as metrics are considered for weekly and job tenure exposures, respectively (Figure 2 ). Of the 56 cumulative measures examined, 49 (88%) of the daily measures trended in a direction consistent with cumulative loading expectations (Figure 2 ), but only 9 (16%) of the job tenure cumulative measures behaved in this manner. It is notable that the only univariate cumulative exposure variables that both were statistically different between true cases and true noncases as well as trended in the expected direction consisted of the duration of rest measure for both the weekly and job tenure definitions of cumulative exposure. As expected, univariate analyses of true noncases versus the nonmeaningful decline in low-back function group found no exposure measures with significant differences. Similarly, there were no univariate significant exposure measure differences between the true cases versus the nonmeaningful decline in lowback function group.
Multivariate cumulative Models: Individual risk Models
Three multivariate cumulative risk models were developed to describe how the combinations of exposure measures were associated with a meaningful decline in low-back function within an individual worker as a function of the various cumulative exposure definitions (daily, weekly, or job tenure). The best performing individual risk models for daily, weekly, and job tenure definitions of exposure time are shown in Tables 3, 4 , and 5, respectively.
The daily model contained baseline low-back function (p(n)), integrated daily duration of rest, integrated forward static load moment, baseline job satisfaction, and baseline worker age. Table 3 illustrates that the relative risk measure for each of these factors was statistically significant when examining true noncases versus true cases. Furthermore, the model had a sensitivity and specificity of 72% and 73%, respectively. The cut points provide thresholds for how much or how little exposure created increased levels of risk. For example, a worker whose baseline functional performance is greater than 0.5 is 2.12 times more likely to have clinically meaningful decline in low-back function compared to a worker with a baseline score < 0.5. Table 3 also lists the relative risk for the model when considering the true noncases and the nonmeaningful declines in low-back function. As expected, the model performance was poorer in this case with most individuals being predicted as true noncases (i.e., specificity 91%). Finally, the daily model was also used on the nonmeaningful declines versus true cases. In this situation only the baseline functional performance relative risk was statistically significant. The model sensitivity was 78% and specificity was 50%. Table 4 lists the weekly model relative risk values as well as sensitivity and specificity for the true noncases versus true cases, true noncases versus nonmeaningful declines in low-back function, and nonmeaningful declines versus true cases. As with the daily model, the weekly model contains baseline functional performance, job satisfaction, and baseline worker age. The weekly model also contains integrated weekly duration of rest as well as peak × duration weekly sagittal acceleration. The relative risk values for true noncases versus true cases indicate that all the factors in the model were statistically significant. The sensitivity was 62% and specificity was 81%. The baseline functional performance . 435 Note. Units for daily integrated are per day, units for weekly integrated are per week, and units for job tenure are over the individual's time on the job. †Cut point went in the correct direction. *Statistical differences between low and high risk. measure indicated the highest relative risk followed by the weekly sagittal acceleration exposure measure and weekly duration of rest are nearly identical at 1.69 and 1.64, respectively. The job satisfaction and the age measure had lower relative risk values than the cumulative exposure measures. The true noncases versus nonmeaningful decline group as well as the nonmeaningful declines versus true cases results for the weekly model were similar to those of the daily model.
The job tenure multivariate model is shown in Table 5 . The model contains the baseline functional performance, integrated job tenure duration of rest, job tenure peak × duration of forward static load moment, baseline supervisor support, and baseline worker age. It should be pointed out that the forward static load moment had a confidence interval of 0.99 to 12.88, so it was not statistically significant. Table 2 indicates that only 9 of the job tenure variables cut in the correct direction. One of these measures was duration of rest, and all the other measures were used in models with the combination of baseline functional performance, baseline supervisor support, and worker age at baseline. However, none of the job tenure exposure measures that cut in the correct direction were statistically significant. To be consistent with the weekly and daily models that employed personal, psychosocial, and physical exposure measures, this model also employed these categories of variables. It is interesting to note that the relative risk values for baseline functional performance and duration of rest were greater than those for the daily and weekly exposure models (Table 5) .
Among the daily, weekly, and job tenure models there are some commonalities. First, all contain the baseline functional performance measure. Second, all three models contain the exposure measure duration of rest and the personal factor of age. The models differ on the specific psychosocial measure with the daily and weekly models containing job satisfaction variables, whereas the job tenure model contained supervisor support. Finally the second job exposure measure was different for each model. The daily model contained forward static bending moment calculated via the integrated signal, whereas the job tenure model included the forward static bending moment (calculated via peak × duration) and the weekly model included the sagittal acceleration (calculated via peak × duration). In comparing sensitivity and specificity of the daily, weekly, and job tenure model, the daily model has the best balance between sensitivity and specificity. In addition, all the relative risk measures were statistically significant for the true noncases versus true cases. Thus, overall the daily model was selected as the best predictor of individual risk.
As shown in Tables 3 to 5 , the most powerful component in these multivariate models of an individual low-back risk was the baseline functional performance, with a relative risk of 2.12 (CI = 1.58-2.83) for the daily exposure model, 2.95 (CI = 1.99-4.37) for the weekly model, and 3.20 (CI = 2.17-4.71) for the job tenure model. Most interesting, baseline functional performance was the only measure that was statistically significant in the true noncases versus nonmeaningful decline as well as the nonmeaningful decline versus true cases for daily, weekly, and the job tenure models. This further illustrates the importance of baseline functional performance for predicting low-back health in the future.
dIScuSSIon
This effort has shed light on several important aspects of low-back disorder risk interpretation as related to work. First, initial low-back status, as measured by a quantitative low-back function measure (p(n)), is an important component of future low-back functional status. This is a measure of the initial condition of the worker's back and represents a logical start point for risk interpretation. Although many ergonomics studies declare that work risk can be minimized for all, this finding suggests that initial low-back functional status might be an often overlooked component of risk interpretation.
Second, several of the analyses associated with this assessment have indicated that cumulative rest duration is an important yet often overlooked metric for the assessment of low-back disorder risk. This measure was the only statistically significant univariate exposure metric capable of distinguishing true cases and true noncases. In addition, it was a significant factor in the multivariate models predicting daily, weekly, and job tenure individual risk. The notion that adequate rest time is an important component of risk fits well with our knowledge of tissue repair and adaptation of spine tissue. Although it is well known that human tissues become stronger and adapt to increased load demands (Wolff's law), this adaptation process depends heavily on adequate recovery (rest) time as well as delivery of nutrients for repair that occurs during rest time. Although task force and frequency are known to be important factors for musculoskeletal risk, few ergonomic risk assessment models consider the cumulative duration of rest in the assessment of low-back Third, although some daily, weekly, and job tenure cumulative measures all trended in the expected direction, many more daily exposures were trended in the expected direction than weekly or job tenure exposures. However, only cumulative job tenure and cumulative weekly rest time exposures were statistically different between the true cases and true noncases of a clinically meaningful decline in low-back function in the univariate analyses. Table 6 shows the univariate relative risks associated with these rest duration exposure variables. This table indicates that the job tenure rest time had the highest relative risk with workers who are allowed less than 4,186,849 seconds (over their job tenure) being 2.2 times more likely to have a clinically meaningful decline in low-back function. The daily duration of rest had a relative risk of 1.47 for those with less than 9,886 seconds of rest per day. As expected the univariate rest measures were not significant for true noncases versus nonmeaningful declines or nonmeaningful declines versus clinically meaningful declines.
It is not surprising that the nonmeaningful decline in low-back function group did not separate well from the true noncases or the true cases. This group has shown a functional decline in low-back performance; however the decline has not reached the point of being a clinically meaningful decline. As such these individual workers should not be considered cases for this study. These individual workers may be at increased risk for further decline and should be monitored closely for further decline. In an ideal world the research would have captured another follow-up at 1 year to determine if these workers went on to become cases. However, given the high turnover rates among DC workers it would be highly unlikely that workers would be available for further evaluation.
Collectively, these results indicate that we need to reconsider the meaning and role that cumulative loading plays in low-back disorder risk. It appears that cumulative recovery time is equally as important, if not more important, to consider as cumulative loading of the tissue. Ergonomists need to consider the cumulative rest time available to the worker in a given work week.
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